Advances in diagnosis and management of myocardial infarction (MI) have accounted for a decrease in acute mortality from MI [@bib1], [@bib2]. Much, however, remains to be understood about the cellular and molecular mechanisms of MI longitudinally beyond the initial few days and weeks.

Progressive chronic heart failure and the reduction in cardiac output after an MI cause the activation of neurohormonal responses and perturbation in long-term adrenergic signaling, which leads to changes in the sympathetic nervous system [@bib3]. β-adrenergic receptor (AR) activation, in addition to increasing acute cardiac performance, initiates multiple signaling cascades simultaneously through G-protein receptor kinases (GRKs) and β-arrestin--mediated pathways. With an adaptive upregulation of GRK2, there is a concordant increase in heart failure phenotype, in part mediated by the depletion of β-AR--mediated inotropic reserve [@bib4], [@bib5], [@bib6]. Additionally, chronic activation of the sympathetic nervous system leads to pathological remodeling, necrosis, and apoptosis [@bib7]. Two important aspects in the treatment of chronic heart failure with pathological remodeling include the use of β-blockers (BBs) and cardiac resynchronization therapy (CRT) [@bib4], [@bib5], [@bib6]. Together these interventions improve symptoms and enhance left ventricular function while slowing down the progression of maladaptive remodeling and improving morbidity and mortality in appropriately selected patients [@bib4], [@bib5], [@bib6].

Previous investigations revealed an elevation of microparticle (MP) levels in patients with cardiovascular diseases, specifically those with acute coronary syndromes [@bib8], [@bib9], [@bib10], [@bib11]. MPs are small vesicles released from the plasma membrane of cells such as platelets, leukocytes, erythrocytes, endothelial cells, and muscle cells; they contain cell surface proteins along with cytoplasmic components of their cells of origin [@bib8], [@bib9], [@bib12], [@bib13], [@bib14], [@bib15]. MPs produced as a result of human atherosclerotic plaque formation possess tissue factor (TF) activity along with an outer membrane composed of phosphatidylserine for prohemostatic activity [@bib8], [@bib9], [@bib11], [@bib12], [@bib16], [@bib17]. In patients with various forms of cardiovascular disease, circulating MPs cause endothelial cell dysfunction [@bib9], [@bib11], [@bib12], [@bib16], [@bib18], [@bib19], [@bib20] and act as a key driver of atherosclerosis [@bib9], [@bib12], [@bib13], [@bib15], [@bib21]. In addition to ensuring hemostasis, TF plays a cell signaling role by promoting pleiotropic inflammatory responses. Hitherto, the reports of the elevation of tissue factor (TF) microparticles (MPs) in patients have been of quantitative observations, with no studies describing the protein content of TFMPs over the long term. This study investigated the release and proteomic profile of TFMPs prospectively after an MI in a chronic porcine model.

The majority of the current models of post-MI signaling are in smaller animal models with limited duration. For a variety of reasons, investigators typically follow signaling for a few hours to several weeks. Because humans usually do not develop pathological remodeling or heart failure in days or weeks, the purpose of this study was to identify additional mechanisms involved in progressive heart failure over time. An approach that enables the observation of both spatial (membrane to the nucleus) and temporal signaling in a large animal model would enhance our understanding of the multifaceted post-ischemic processes. Investigators have established that signaling pathways seldom function in isolation but are part of a matrix and involve the activation of multiple pathways at different time intervals [@bib22]. Hence, we propose that evaluation of discrete signaling pathways for a moment in time might not adequately capture the complex signaling observed in humans.

Methods {#sec1}
=======

Animal model of MI {#sec1.1}
------------------

All animal studies were approved by the St. Joseph's Translational Research Institute and Morehouse School of Medicine Institutional Animal Care and Use Committee and comply with The Guide for the Care and Use of Laboratory Animals (8th edition, 2011). The animals were housed individually and had access to food and water ad libitum to exceed all animal standards. Eight-month-old female Yucatan miniswine were infarcted by use of a collagen plug procedure [@bib23]. Two and a half months after the infarct, animals were placed in 1 of 2 experimental groups. Pigs in the first group (n = 8) had a collagen plug--induced MI and survived but received no treatment, whereas pigs in the second group (n = 6) were MI survivors treated with CRT plus a BB (metoprolol). The third group of female control pigs (n = 8) had no infarction or treatments. Plasma was collected at 2.5, 3.5, 4.5, and 6 months after infarction ([Figure 1](#fig1){ref-type="fig"}). All infarcted animals were killed at 6 months.Figure 1Study Schedule and Sample Collection PlanCRT = cardiac resynchronization therapy.

MI procedure {#sec1.2}
------------

All animals were intubated, and the ear or external jugular vein was cannulated to maintain adequate anesthesia throughout the procedure. The animals (weighing 45 to 55 kg each) were sedated with ketamine combined with xylazine and maintained on isoflurane (0% to 5%). Buprenorphine or morphine was given perioperatively. Arterial pressure was monitored by accessing a femoral artery with an appropriately sized vascular introducer sheath. Heparin (150 U/kg) was administered, and 10 to 30 min later, activated clotting time was checked to confirm it was \>300 s. An appropriately sized guiding catheter was introduced and advanced to the ostium of the left main coronary artery, and contrast angiography was performed. An infusion catheter was advanced through the guiding catheter into the midportion of the left anterior descending coronary artery. At the discretion of the operator, ≈2 ml of collagen was injected in 0.2-ml increments to occlude the majority of the left anterior descending coronary artery. Additional buprenorphine was given for immediate post-operative analgesia 1 to 2 times per day for 1 to 5 days after infarction.

CRT and BB therapy {#sec1.3}
------------------

Biventricular pacing devices were implanted as described previously [@bib24]. Briefly, pigs that had an MI were treated with CRT and BB therapy (metoprolol succinate, Novartis, Basel, Switzerland) titrated to 2 mg/kg over several weeks, from 2.5 months post-infarction until termination at 6 months. This dosing was intended to emulate the dosing used in MERIT-HF (Metoprolol CR/XL Randomized Intervention Trial in Congestive Heart Failure) [@bib25]. To achieve a biventricular capture rate \>95%, pacing was obtained by simultaneous left lateral wall (via coronary sinus) and right ventricular septal wall pacing. Placement was ensured by fluoroscopy at the time of placement, and fluoroscopy was used at post-operative 3 days and at 1 month to ensure capture.

Blood sample collection, storage, and necropsy {#sec1.4}
----------------------------------------------

Blood samples (7 to 8 ml) were collected into ethylenediaminetetraacetic acid tubes (BD Vacutainer Systems, Franklin Lakes, New Jersey). The plasma samples were centrifuged at 2,000 × *g* (20 min) to remove any residual platelets, cell debris, and precipitates. Platelet-poor plasma was stored frozen at −80°C in 1-ml aliquots until one-time use at analysis. Plasma samples were subjected to no further freeze-thaw cycles.

Quantitation assays (high-sensitivity troponin T, β1-AR, β2-AR, β-arrestin-1, cAMP, epinephrine, norepinephrine, and GRK2) {#sec1.5}
--------------------------------------------------------------------------------------------------------------------------

To measure β1-AR (ADRB1), β2-AR (ADRB2), β1-arrestin (ARRB1), and cyclic adenosine monophosphate (cAMP) levels, porcine hearts were harvested when the animals were killed 6 months after the infarction. Harvested cardiac tissue was rinsed with phosphate-buffered saline and quickly frozen in liquid nitrogen. Frozen tissue was then placed in RNA*later* RNA Stabilization Reagent (Qiagen, Valencia, California) and stored at −80°C. Frozen ventricle samples were homogenized in protein lysate buffer before being centrifuged for 20 min at 2,000 rpm. The supernatant was assayed for ARRB1, ADRB1, ADRB2, and cAMP content by enzyme-linked immunosorbent assay (ELISA) (MyBioSource Inc., San Diego, California) in accordance with the manufacturer's protocol. Real-time polymerase chain reaction (PCR) was used to measure levels of GRK2 (Qiagen OneStep real-time PCR and HotStarTaq Plus Master Mix kit). Harvested cardiac tissue samples were analyzed for fibrosis intensity using a commercially available trichrome stain (Masson) kit following the assay procedure detailed by Sigma-Aldrich (St. Louis, Missouri).

Plasma samples were collected and used to determine the levels of troponin T (TnT) by ELISA (Life Sciences Advanced Technologies, Inc., St. Petersburg, Florida) following the manufacturer's protocol. Concentrations of epinephrine and norepinephrine were determined with plasma samples by ELISA at all 4 time points post-infarction. (MyBioSource Inc.).

MP isolation and labeling {#sec1.6}
-------------------------

Platelet-poor plasma was centrifuged at 20,000 × *g* (30 min) to pellet the MPs. The MP pellet was washed by resuspension in Hank's balanced salt solution (Sigma-Aldrich). The washed pellet was incubated in 200 μl of binding buffer with saturating concentrations (20 μl) of fluorescein isothiocyanate--conjugated annexin V antibody (Clontech, Mountain View, California) and phycoerythrin-conjugated TF antibody (Abcam, Cambridge, Massachusetts) for 1 h on ice in the dark. After labeling, the MPs were washed by resuspension with Hank's balanced salt solution to remove excess unbound antibody by pelleting at 20,000 × *g* for 30 min and resuspending in 500 μl of Hank's solution before fluorescence-activated cell sorting (FACS) analysis.

Flow cytometry sorting of MPs {#sec1.7}
-----------------------------

Analysis of TFMPs was performed with 2-color flow cytometry on a BD FACS Aria II equipped with the FACS DIVA software, version 6.1.2 (BD Biosciences, San Jose, California). The MPs were analyzed with logarithmic measurements for forward scatter and side scatter. TFMPs were sorted based on double positivity for TF antigen and annexin V, which identifies TFMPs. The sorted TFMPs were centrifuged at 100,000 × *g* to recover all MPs in the sample for proteomic analysis.

Mass spectrometry analysis {#sec1.8}
--------------------------

The samples were acetone precipitated, rehydrated in trypsin digest buffer (50 mmol/l ammonium bicarbonate), reduced in dithiothreitol 10 mmol/l at 56°C for 30 min, and alkylated with iodoacetic acid (15 mmol/l) for 30 min at room temperature in the dark. Samples were trypsin digested 20 (ng/μl) for 4 h at 37°C, and before analysis, they were acidified by formic acid to a concentration of 0.1%. Spectra were collected with Xcalibur 2.2 software (Thermo Fisher Scientific, Waltham, Massachusetts) using a threshold of 200 counts/hits. Spectra were then searched with Proteome Discoverer 3.0 software (Thermo Fisher Scientific). Each sample produced 1 or 2 significant hits as determined by false discovery rates of 1.0% and 5.0% using a corresponding reverse database.

Porcine peptide sequences detected were exported from ProteoIQ software version 2.3.08 (NuSep, Inc., Bogart, Georgia) into protein BLAST, Blastp (National Center for Biotechnology Information) and were checked against the human protein database to determine porcine/human protein homologs. Only human proteins with \>85% homology were used for the analysis. This conversion was necessary because Pathway Studio (Elsevier, Atlanta, Georgia) only uses proteins from humans, mice, and rats in its analysis. The resultant homologous human protein Entrez ID numbers were uploaded into Pathway Studio 10 for pathway analysis.

Pathway and functional enrichment analysis {#sec1.9}
------------------------------------------

Pathway Studio version 10 (PS10) with Disease Fx and Chem Fx cartridges was used to analyze the proteomic data between the different treatment groups and an analysis of cell processes, disease processes, and functional classes determined for the identified proteins. Functional enrichment analysis was conducted with FunRich [@bib26] version 2.1.2 [@bib27].

Statistical analysis {#sec1.10}
--------------------

SigmaPlot version 12 was used for the statistical analysis of MP counts, ELISA, and PCR data. Where nonparametric methods of analysis were applied, data are summarized using median (1st quartile, 3rd quartile); otherwise data are expressed as mean ± SD. Comparisons were made using nonparametric tests, Kruskal-Wallis 1-way analysis of variance and Mann-Whitney rank sum test, as appropriate. Dunn's method was applied to the probability values whenever multiple comparisons arose. To compare TFMP count changes across time within treatments groups, the Wilcoxon matched-pairs signed ranks method was applied. The 1-way repeated-measures analysis of variance method was applied to the TnT data with multiple pairwise comparison involving the Holm-Sidak method applied. All tests were 2-sided, with p \< 0.05 considered significant.

Results {#sec2}
=======

Hemodynamic, cardiac dimension, and fibrosis intensity observations {#sec2.1}
-------------------------------------------------------------------

Assessments of end-diastolic volume (EDV), end-systolic volume (ESV), and ejection fraction (EF) were made at baseline, 1 week post-infarction, and at study termination. Overall, after the MI, there were increases in EDV and ESV with decreasing EF in both infarcted groups of animals. There were no statistically significant differences between groups at baseline or at 1 week post-infarction. Baseline EDVs for the CRT+BB--treated animals and for infarcted, untreated animals averaged 49.25 ± 20.47 ml and 53.10 ± 15.67 ml, respectively (p = 0.722). Median ESV values for the treated versus untreated animals were 17.86 ml (15.35 ml, 21.223 ml) and 20.47 ml (12.49 ml, 25.43 ml), respectively (p = 0.931). Baseline EF for CRT+BB--treated versus infarcted, untreated animals averaged 59.78 ± 5.32% and 61.85 ± 2.52%, respectively (p = 0.448).

Post-infarction EDV values for CRT+BB--treated versus infarcted, untreated animals averaged 73.61 ± 14.60 ml and 85.86 ± 16.67 ml, respectively (p = 0.205). At the same time point, ESV values for CRT+BB--treated versus infarcted, untreated animals averaged 50.67 ± 11.96 ml versus 56.93 ± 9.88 ml, respectively (p = 0.375). The assessed EF for the CRT+BB--treated and infarcted, untreated groups after infarction averaged 27.22 ± 5.18% and 24.15 ± 1.44%, respectively (p = 0.238).

At termination of the study, there was a statistically significant difference (p = 0.046) in mean EDV values between the 2 infarcted groups (CRT+BB 112 ± 35.35 ml vs. MI only 151.03 ± 13.14 ml). At the same time point, there was a noticeable trend of increasing ESV in both groups; however, the increase in ESV values was comparatively more pronounced in the untreated group than in the CRT+BB--treated animals. ESV values for the CRT+BB versus MI-only animals at this time point were 70.78 ± 28.03 ml versus 104.63 ± 18.95 ml (p = 0.069). At study termination, EF values for the CRT+BB--treated animals were relatively better than for the infarcted, untreated animals, with the difference approaching statistical significance (p = 0.0527) 3.5 months after treatment was initiated in the treatment group. The values were 37.905 ± 6.036% versus 30.865 ± 5.874% for the CRT+BB and MI-only groups, respectively.

Cardiac dimension measurements were conducted with echocardiograms at baseline, 1 week post-infarction, and after necropsy. Predictably, after the infarction, there was a noticeable increase in cardiac dimensions for all animals, as observed in left ventricular area around the mitral valve at diastole (LVAd MV) and systole (LVAs MV). Additionally, cardiac enlargement was observed in the area around the papillary muscle at diastole (LVAd PM) and systole (LVAs PM). In all groups, there was an increase in these cardiac measurements between the 1-week post-infarction assessment time point and study termination. Comparison of the cardiac dimensions between the 2 infarcted groups at study termination showed no statistical differences with respect to LVAd MV, LVAs MV, and LVAs PM; however, there was a statistically significant difference (p = 0.009) in LVAd PM values between the CRT+BB--treated versus MI-only groups.

Extent of fibrosis in the harvested infarcted hearts was also determined on a scale of 1 to 4 (0 = normal, 1 = minimal, 2 = mild, 3 = moderate, and 4 = severe), normalized to samples from normal, uninfarcted porcine hearts. Seven cardiac regions were examined: right ventricle lateral wall; septum; border; infarct; normal; left atrium; and right atrium. Briefly, the results revealed grade 3 to 4 fibrosis in the septum, border, and infarct regions of the hearts of both infarcted animal groups. In the right lateral wall, left atrium, and right atrial regions of the harvested cardiac tissues, normal to mild fibrosis was observed.

TFMP counts {#sec2.2}
-----------

At 2.5 months post-infarction, there was no significant difference in TFMP counts between the experimental groups ([Figure 2](#fig2){ref-type="fig"}). The average TFMP counts per 10,000 events at 2.5 months were 1,806 ± 423 for the control group, 1,281 ± 909 for the infarcted, untreated pigs, and 1,233 ± 752 for the CRT+BB--treated group. Over the remaining time points, the counts of the infarcted, untreated animals continued to increase to 3,156 ± 1,360, whereas the counts of the treated animals tracked between 1,233 ± 752 and 2,173 ± 1,405. Statistically, there were no significant differences in the numbers of MPs within or between the groups at any time points.Figure 2Flow Cytometric Enumeration of TFMP Counts per 10,000 EventsTissue factor microparticles (TFMPs) increased in the infarcted animals over time, but there were no statistically significant differences in the numbers of TFMPs. BB = β-blocker; CRT = cardiac resynchronization therapy; MI = myocardial infarction; MP = microparticles; TF = tissue factor.

TFMP proteomic profile {#sec2.3}
----------------------

Mass spectrometry results showed that the proteomic content of TFMPs changed over time within and between groups. For the CRT+BB--treated animals, there were 177, 125, and 137 proteins detected in the TFMPs collected at the 3.5-, 4.5-, and 6-month time points, respectively. In the infarcted, untreated group, we observed 196, 207, and 65 proteins at the 3.5-, 4.5-, and 6-month time points, respectively. The control group animals had 202 different proteins detected at the single time point assessed. The differences and similarities of the proteomic profiles were evaluated for functional enrichment using the FunRich tool and the Pathway Studio software as further described in "Molecular Function Analyses of TFMP proteins."

On the basis of the sites of expression of the identified proteins, TFMPs were determined to be from heart muscle, plasma, blood vessels, and human umbilical vein endothelial cells (HUVECs), as shown in [Table 1](#tbl1){ref-type="table"}. The observed high number of proteins mapped to HUVECs is a consequence of the abundance of model systems involving HUVECs for the identification of endothelial cell function in published literature [@bib28], [@bib29], [@bib30]. FunRich and other molecular analysis tools rely on published literature for the generation of their output. This observation, however, points to the relevance of these molecular entities in the post-MI state.Table 1FunRich Analysis of Site of Expression of TFMP ProteinTreatment and Site of ExpressionNo. of Genes in DatasetUncorrected p Value (Hypergeometric Test)Storey and Tibshirani Method q ValueControl Heart muscle720.150.07 Plasma1560.000.00 Blood vessels80.000.00 HUVECs1630.000.00Untreated 3.5 months Heart muscle770.010.00 Plasma1380.000.00 Blood vessels100.000.00 HUVECs1430.010.00Untreated 4.5 months Heart muscle760.130.09 Plasma1580.000.00 Blood vessels70.000.00 HUVECs1720.000.00Untreated 6 months Heart muscle290.030.09 Plasma520.000.02 Blood vessels20.070.12 HUVECs520.030.09CRT+BB 3.5 months Heart muscle620.200.09 Plasma1420.000.00 Blood vessels90.000.00 HUVECs1410.000.00CRT+BB 4.5 months Heart muscle500.040.01 Plasma1060.000.00 Blood vessels10.580.07 HUVECs980.000.00CRT+BB 6 months Heart muscle510.090.01 Plasma1120.000.00 Blood vessels80.000.00 HUVECs1090.000.00[^1]

Molecular function analyses of TFMP proteins {#sec2.4}
--------------------------------------------

To further characterize the identified TFMP proteins and to explore for temporal differences, the standalone open-access tool FunRich and Pathway Studios version 10 software were jointly used to determine their molecular functions. Compared with the other 2 groups, the CRT+BB--treated group at the 3.5-month time point had a 6-fold increase in the number of proteins associated with ATPase activity and a lower percentage of proteins functioning as extracellular matrix structural constituent ([Figure 3](#fig3){ref-type="fig"}). The control group had 2.5 times and 4 times as many proteins related to ubiquitin-specific protease activity as did the infarcted, untreated animals and the CRT+BB--treated animals, respectively. With regard to G-protein--coupled receptor activity at the 3.5-month time point, the infarcted, untreated group had the most activity, with nearly a 10- and 5-fold increase in the number of proteins compared with the control and CRT+BB--treated animals, respectively.Figure 3Molecular Function Analysis of TFMP Protein Content at 3.5 Months Post-MIFunctional differences between groups at the 3.5-month time point using FunRich software are shown. Abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

At the 4.5-month time point, the TFMP proteins differed in 3 main functional classes between the experimental groups: structural constituents of the cytoskeleton, ATPase activity, and intracellular ligand-gated ion channel activity ([Figure 4](#fig4){ref-type="fig"}). There was a considerable difference in the structural constituents of the cytoskeleton between the CRT+BB--treated animals and the control animals, in the ratio of ≈1:35 ([Figure 4](#fig4){ref-type="fig"}). The infarcted, untreated animals had no detectible proteins functioning as structural constituents of the cytoskeleton. With regard to ATPase activity, the CRT+BB group recorded the highest percentage, with nearly a 2-fold increase compared to the control group and ≈1.5 times the number observed in the infarcted, untreated group. The CRT+BB group had no detectable proteins functioning in intracellular ligand-gated ion channel activity, but there was a 4-fold increase in the infarcted, untreated group compared with the control group.Figure 4Molecular Function Analysis of TFMP Protein Content at 4.5 Months Post-MIFunctional differences between groups at the 4.5-month time point using FunRich software are shown. Abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

By the 6-month time point, CRT+BB treatment was associated with an ≈4-fold increase in ATPase protein content compared with controls, whereas the infarcted, untreated animals had 3 times as many ATPase proteins as the control animals. There were no proteins associated with extracellular ligand-gated ion channel activity detected in the CRT+BB group, although in the infarcted, untreated animals, there was a 3-fold increase compared with the control group. The infarcted animals had higher levels of extracellular matrix structural constituents than the control group animals ([Figure 5](#fig5){ref-type="fig"}). Additionally, the infarcted, untreated animals had a higher percentage of proteins associated with ubiquitin protease activity than the CRT+BB--treated group (1:8 ratio) and an ≈50% increase compared with the control group animals.Figure 5Molecular Function Analysis of TFMP Protein Content at 6 Months Post-MIFunctional differences between groups at the 6-month time point using FunRich software are shown. Abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

TFMP protein content and post-MI disease status {#sec2.5}
-----------------------------------------------

To further understand the association between disease status and TFMP protein content, Pathway Studio analysis was conducted. Evaluations were based on functional associations with known active cell processes post-MI, such as apoptosis, oxidative stress, and inflammation, with adjustments made for the administration of the BB metoprolol where applicable.

At the 3.5-month time point ([Supplemental Figure 1](#appsec1){ref-type="sec"}), TFMP proteins in the treated group were associated with cardiac cell antiapoptosis and facilitation of cardiomyocyte function. These TFMP proteins included sarcoplasmic/endoplasmic reticulum Ca^2+^-ATPase, SERCA proteins (ATP2A2), ephrin, and hexokinase 1 and 2 (HK I, HK II). Another cardiac cell--enhancing factor detected in the treated group but not the infarcted, untreated group or control group was guanylate cyclase A. Conversely, at the 3.5-month time point, hypoxia-driven factors such as hypoxia-inducible factor-1α, hypoxia-inducible factor-2α, and FLT-1 (Fms-related tyrosine kinase-1) were detected in the infarcted, untreated animals.

At the 4.5-month time point, repair and structural tissue formation proteins were found in the CRT+BB--treated group ([Supplemental Figure 2](#appsec1){ref-type="sec"}). These proteins were keratin, desmin, actin, vimentin, myosin, and β-catenin. Compared with the treated pigs, there were fewer myosin subtypes observed in the infarcted, untreated group. Additionally, proteins that enhance cardiac cell performance, such as sodium/potassium-transporting ATPase subunit alpha-1 and -2 (ATP1A1, ATP1A2), and proteins of ryanodine receptors 2 and 3 (RYR2, RYR3) were observed in the untreated group. Furthermore, in both infarcted groups, factors that can promote inflammation were detected; however, in addition to thrombin (F2), TF, and putative serine proteases (PRSS), which were detected in the treated group, nuclear factor-kappa-B1 (NF-KB1) and ADAM metallopeptidase domain 17 (ADAM17) were detected in the infarcted, untreated group.

By the 6-month time point, TFMPs in the treated group contained cytoprotective heat shock proteins (HSPs) such as HSPA1A, HSPA1B, and HSPA5 ([Figure 6](#fig6){ref-type="fig"}). HSP was not detected in any other group. In addition to the cytoprotective proteins, pigs in the treated group contained proteins required for the maintenance of cardiac function (ATP1A1 and ATP1A2). There were no unique proteins or functional patterns observed in the infarcted, untreated animals at this time point.Figure 6Pathway Studio Analysis of Proteomic Content of TFMPs at 6 Months in the Infarcted Groups Compared With Control Group Profile**(A)** Heat shock proteins (HSPs) associated with post-ischemic conditioning detected in CRT+BB--treated animals only. Metoprolol administration enhanced levels of HSPA1A. **(B)** Factors related to cardiac function improvement were detected in treated animals 6 months after infarction, but no such observation made in the infarcted, untreated animals.

High-sensitivity cardiac TnT assessment {#sec2.6}
---------------------------------------

Serum levels of TnT were assessed between groups ([Figure 7](#fig7){ref-type="fig"}). Area under the curve analyses for the period from 2.5 to 6 months post-MI were conducted. ANOVA was highly statistically significant across all comparisons: MI versus control, p \< 0.001; MI versus CRT+BB, p \<0.002; and CRT+BB versus control, p \< 0.002.Figure 7Serum Troponin T Levels Over the 6-Month Period Post-Infarction Showing Chronic Myocardial Cell Death in Infarcted Animals Over the 6-Month Study DurationThe differences in mean values between the infarcted groups became statistically significant at the 6-month time point (p = 0.008). Avg = average; mth = month; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

ADRB2, cAMP, and GRK2 concentrations {#sec2.7}
------------------------------------

The mean concentration of ADRB2 in myocardial tissue in the control group animals was 0.681 ± 0.056 ng/ml compared to 0.205 ± 0.086 ng/ml in the infarcted, untreated group and 0.22 ± 0.223 ng/ml in the CRT+BB--treated group ([Supplemental Figure 3](#appsec1){ref-type="sec"}). Statistically, there were differences in the average concentration between the infarcted but untreated group and the control group (p = 0.003) and between the CRT+BB--treated group and the control group (p = 0.003). There were no statistically significant differences between the infarcted, untreated group and the treated group. Median cAMP tissue concentration for the treated group was 29.778 μg/ml compared with 17.174 μg/ml in the infarcted group ([Supplemental Figure 4](#appsec1){ref-type="sec"}), which was statistically significantly different from the control group (CRT+BB vs. control: p = 0.05; MI vs. control: p = 0.05). GRK2 concentrations using quantitative PCR analysis ([Supplemental Figure 5](#appsec1){ref-type="sec"}) from the myocardial tissue at study termination showed a statistically significant difference (p = 0.013) between the treated and untreated animals (0.471 ± 0.349 RFU/18S \[relative fluorescence units/18S ribosomal RNA\] and 1.321 ± 0.455 RFU/18S, respectively).

ADRB1, ARRB1, epinephrine, and norepinephrine concentrations post-infarction {#sec2.8}
----------------------------------------------------------------------------

ADRB1 concentrations in cardiac tissue at 6 months after infarction showed levels as follows: treated group \> control group \> infarcted, untreated group, with mean concentrations of 0.133 ng/ml, 0.027 ng/ml, and below limits of detection, respectively. There were no significant differences in the mean concentrations of ARRB1, epinephrine, and norepinephrine between the experimental groups in our study; however, there was the expected elevation in norepinephrine and epinephrine concentrations in the infarcted animals compared with the control group at all time points.

Discussion {#sec3}
==========

In heart failure patients with severe systolic dysfunction and asynchronous contraction, CRT is an established, effective adjunctive therapy when paired with BB. To adequately emulate the human condition, we used an animal model with decreased EF and asynchrony. The CRT+BB regimen improves left ventricular function and prognosis, whereas metoprolol reduces infarct size [@bib31], [@bib32]. What is not fully characterized is the long-term signaling impact of β1-adrenergic blockade on the infarcted heart.

Reports indicate that many of the cellular responses after an MI, such as fibrous tissue deposition, occur within the first few days to weeks of the post-infarction period [@bib33], [@bib34], [@bib35]. The degree of fibrosis (grade 3 or 4) observed in the septal area, border, and infarct regions of the hearts of both groups of infarcted pigs was in line with the expectation of structural changes (fibrous tissue deposition) reported previously [@bib36]. Additionally, the morphological changes in cardiac dimensions showed that this study also depicted the expected morphological alterations observed in clinical settings [@bib37] and confirmed that the experimental procedure successfully induced the MI and mimicked post-MI observations. Furthermore, the hematologic observations depicted the functional consequences of infarction, as well as treatment, with respect to time. Collectively, the structural, morphological, and function alterations observed are evidence of pathological remodeling in response to infarction. Clinically, the observation of improved EF and the differences in EDV and ESV between the infarcted animals point to a trend toward better outcomes in our treatment group animals than in the infarcted, untreated animals. This observation is in line with general clinical observations of better prognosis with treatment with CRT+BB and also aligns with the observed decline in TnT levels with treatment in our study. Results from this study therefore confirmed the documented beneficial effects of β1 blockade in improving outcomes [@bib31], [@bib32]. More importantly, the proteomic profile of the TFMPs provided insights into the long-term impact of metoprolol usage on active signaling entities of the surviving cardiomyocytes. First, the inability to differentiate experimental groups in the long-term post-MI stage using TFMP numbers confirmed our view that the more relevant information is the proteomic profile of the TFMPs. Second, our findings demonstrate unique signatures for each infarcted pig cohort associated with either adaptive or healing changes, as well as progressive pathological remodeling or maladaptive signaling leading to worsening heart failure. Additionally, the proteomic profile of the TFMPs provided a matrix view of the spatial and temporal changes and differences in signaling entities between the study groups. We infer from our TFMP proteomic data and Pathway Studio analyses that the improved prognosis of the CRT+BB--treated animals proceeded in a stagewise manner via the following general modalities: 1) cardiomyocyte survival and function enhancement; 2) structural repair; and 3) cytoprotection and post-ischemic conditioning ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}).Figure 8Summary Observations Based on Proteomic Profile of TFMPs From CRT+BB--Treated Animals From Treatment Initiation Until End of StudyAbbreviations as in [Figure 2](#fig2){ref-type="fig"}.Figure 9Summary Observations Based on Proteomic Profile of TFMPs From Untreated Animals From 3.5 Months Until End of StudyAbbreviations as in [Figure 2](#fig2){ref-type="fig"}.

A month after treatment initiation, cardiomyocyte survival and function enhancing factors were detected as depicted by [Supplemental Figure 1A](#appsec1){ref-type="sec"}. Collectively, the listed proteins confer protective properties to the myocardium by promoting chemomechanical and antiapoptotic properties [@bib38] while attenuating chronic cardiac remodeling [@bib39], [@bib40], [@bib41]. The detection of SERCA proteins in the CRT+BB--treated group is important, because metoprolol has been reported to restore cellular levels of SERCA2a [@bib42], [@bib43]. The detection of cardiomyocyte survival factors perhaps explains the trend toward the decrease in levels of TnT in the treated group compared with the infarcted, untreated animals. In the absence of treatment, the detection of hypoxia-driven factors ([Supplemental Figure 1B](#appsec1){ref-type="sec"}) predicted worse outcomes for the infarcted, untreated animals, as confirmed by the results of the currently used biomarkers. At stage 2 (2 months after treatment initiation), a wide range of structural or repair proteins were present in the TFMPs of the treated group ([Supplemental Figure 2](#appsec1){ref-type="sec"}). This was in contrast to the observed narrower array of structural proteins detected in the infarcted, untreated group. Additionally, the differences in the structural proteins and the late detection of chemomechanical proteins could be evidence of delayed and perhaps ineffective cellular signaling in the absence of treatment. The observed wide range of structural proteins in the treated animals could be indicative of ongoing or incipient repair and healing processes taking effect in the treated group that contributed to the reported resolution of cardiac cell damage. Six months after infarction, there was an indication of post-ischemic conditioning and cytoprotection, as evidenced by the presence of HSP proteins in the treated group ([Figure 6](#fig6){ref-type="fig"}). HSP was not detected in any other group, and its detection in the treated group is a consequence of metoprolol administration [@bib44]. This is relevant because HSP overexpression attenuates myocardial apoptosis [@bib45], [@bib46], and it confirms the activation of cytoprotective processes months after CRT+BB treatment initiation.

The results from the biomarkers used confirm an improved prognosis for the treated animals and support the investigational and interventional opportunity offered by TFMP proteomic profiling post-MI. This was in line with a decline in TnT levels in the treated animals, whereas chronic troponin leak resulting from the death of cardiomyocytes persisted in the infarcted, untreated animals. By having less cell death characterized as a smaller troponin leak, these data suggest that treatment with CRT+BB gradually attenuated cell death in the treated group. The observed increase in ADRB1 levels in the treated group and its decrease in the infarcted animals tracks with reports of increasing β-AR expression after the administration of metoprolol [@bib47], [@bib48] and provides further evidence of the long-term cellular effects of metoprolol administration. This observation might suggest that chronic β1-blockade is associated with recirculation of ADRB1 receptors to the cardiomyocyte surface as the levels of ischemic stressors decline and the surviving cardiomyocyte recovers, possibly via a negative feedback loop. The lower levels of ADRB2 in both infarcted groups are in agreement with published data proposing that most protective adrenergic signaling is mediated via β2-receptors and Gi signaling. This explains the observed decreased β-AR expression along with lowered sensitivity in the aftermath of an MI [@bib49]. Furthermore, impaired intracellular Ca^2+^ handling in the failing heart has been ascribed to either a decreased expression of SERCA2a or a shift in the interaction between phospholamban and SR Ca^2+^-ATPase activity [@bib50], [@bib51]. Additionally, in the failing heart, there is a corresponding increase in SR Ca^2+^ ATPase activity with increasing cAMP concentrations [@bib51]. This perhaps accounts for the observed cAMP increase in our infarcted animals compared with the control animals. Because metoprolol treatment restores cAMP-dependent inotropic effects independent of β-AR [@bib52], this might explain the observed higher levels of cAMP in the treated animals than in the other groups. The elevated epinephrine and norepinephrine levels in our infarcted group animals compared with the control animals are in line with expectations in the acute phase of an MI but highlight the ensuing cellular derangement chronically post-MI. Finally, the observed elevation of GRK2 levels underscores the heart's decreased contractile function by the blunting of procontractile signaling of the β-ARs [@bib53].

The composite of these biomarker evaluations and the proteomic profiling of the TFMPs showed that treatment with CRT+BB resulted in improvement in outcome. Using pathway and functional analyses, the proteomic profile of TFMPs coupled the detection of diverse signaling mediators with temporal occurrence to disease status and allowed the prediction of outcome in the post-MI setting. Most importantly, the observed TFMP proteomic profile provided information of additive value to what was obtained by analysis of 8 current biomarkers in our chronic ischemic cardiomyopathy model.

This study focused on chronic ischemic cardiomyopathy in a porcine model of ischemic cardiomyopathy and did not examine the utility of the TPMP proteomic profile in the acute phase. Additionally, in our study, MI was induced by use of a collagen plug and therefore might have missed prelude molecular and cellular information that preceded the incidence of an MI. This, however, does not minimize the demonstration of the utility of TFMP protein content as a cellular methodology to be used to further our understanding of signaling after an MI. These results may not be completely generalizable, but the wealth of information obtained from this study suggests that a follow-on translational study examining the utility of profiling TFMPs in the acute phase is warranted as a next step. Furthermore, given the amount of information obtained from the proteomic profile of TFMPs, it would be interesting to determine whether profiling of the entire MP population would provide additional information. Another necessary next step in this line of inquiry must involve quantitative methods to explore levels of candidate proteins. Furthermore, it would be important to establish relevant flow cytometry thresholds of TFMP counts that would yield levels of putative proteins that would allow for assessment in clinical settings.

Conclusions {#sec4}
===========

The composite of the findings of this study is in agreement with previous studies and clinical observations that treatment with CRT+BB after an MI leads to better outcomes. More importantly, our findings, while confirming the heterogeneity of TFMP protein content, also demonstrate that proteomic profiling of TFMPs from both the infarcted and noninfarcted pigs captured the diversity of the protein contents between and within groups temporally. Changes in the identified proteins within and between groups corresponded to relevant changes in molecular function and reflected the physiological status of the host. Spatially, the contents of the TFMPs displayed a variety of proteins and provided additional information on multiple entities supplemental to what we obtained from assessing 8 of the current cardiac biomarkers. Additionally, for both infarcted groups, there was a noticeable time difference in the detected proteins that predictably reflected active, ongoing cellular activities. Therefore, results of this study support recommending TFMP protein content profiling prospectively as a viable investigative methodology for chronic ischemic cardiomyopathy that could help improve our understanding of βAR signaling after an MI. The ability to dynamically capture active signaling pathways instead of tracking the presence or absence of a single molecular entity, as typified by the current group of biomarkers, would provide pertinent answers to questions about βAR signaling pathways post-MI and in heart failure.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Current models of post-MI signaling involve small animals with monitoring for a few hours to days. Usually, only a few proteins are assessed, which does not adequately depict the pathophysiology in humans. TFMP proteomic profiling after an MI enables observation of both spatial and temporal events in multiple signaling mechanisms in a long-term mini-swine model. Thus, a dynamic evaluation of active signaling pathways using TFMP proteomic profiling would be a valuable source of molecular markers to investigate βAR signaling post-MI.**TRANSLATIONAL OUTLOOK:** A chronic animal model, 6 months post-MI, might more closely emulate human disease and provide greater clinical translation to the human condition of the long-term consequences of an MI. In addition to spatial signaling (membrane to the nucleus), this study assessed chronic changes in signaling longitudinally, rather than at a single time point, using the proteomic profile of TFMPs. Thus, we demonstrated that time and intracellular or spatial signaling impact the observed outward phenotype of pathological remodeling after an MI within and between groups.
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[^1]: BB = β-blocker; CRT = cardiac resynchronization therapy; HUVECs = human umbilical vein endothelial cells; TFMP = tissue factor--bearing microparticles.
